coupling with 2-nitroimidazole, was also not effective because chlorination or bromination at C-1Ј to form the respective arabinose halide led to de-benzylation prior to coupling. The best alternate approach to synthesize 1, therefore, was to invert the configuration of the 2Ј-OH group of 1-b-D-(ribofuranosyl)-2-nitroimidazole (AZR). 26, 27) The hydroxyl groups at 3Ј and 5Ј positions in AZR were protected with 1,1,3,3-tetraisopropyldisiloxane, leaving the 2Ј-OH group of 2 available for trifluoromethanesulfonylation that, at lower temperatures, afforded the triflate (3) in 88% yield.
Decreased oxygen levels in tumor cells increases their resistance to the damaging effects of ionizing radiations, 1) an effect that is thought to greatly reduce the efficacy of conventional low linear energy transfer (LET) radiation (e.g. X-ray) therapies.
2) 2-Nitroimidazole (azomycin) nucleosides are highly diffusible radiosensitizers that readily permeate hypoxic tissues, where they are bioreductively activated by single electron transfer and subsequently selectively bound as molecular adducts within viable hypoxic cells. The reversibility of this single electron reduction in the presence of oxygen limits adduct formation to cells that are pathologically hypoxic.
3) This oxygen-dependent selectivity forms the basis for non-invasive (imaging) diagnosis of an hypoxic region with radiolabelled nitroimidazoles. 4, 5) In the past, a number of radioiodinated azomycin a-nucleosides have been synthesized and explored to detect and monitor regional hypoxia. [6] [7] [8] Of these, 1-a-D-(5-deoxy-5-iodoarabinofuranosyl)-2-nitroimidazole (IAZA) has been widely studied and clinically used in a variety of pathologies involving tissue hypoxia. [9] [10] [11] [12] [13] [14] Previous studies on the synthesis of 1-a-D-(5-deoxy-5-iodoarabinofuranosyl)-2-aminoimidazole (iodo aminoimidazole arabinoside; IAIA), a potential nitroreductase reduction metabolite of IAZA, 15, 16) revealed that IAZA, which had previously been assigned the b-configuration, was actually the a-anomer. 17) Furthermore, in vitro studies indicated that IAZA was not transported by the NBMPR (nitrobenzylthioinosine)-sensitive equilibrative nucleoside transporter in erythrocytes, 18) which was not unexpected given that these transporters handle physiological nucleosides that have the b-nucleoside configuration. 19) These findings led to this investigation of the synthesis of 1-b-D-(5-deoxy-5-iodoarabinofuranosyl)-2-nitroimidazole (b-IAZA).
During coupling of the sugar halide with an activated base, the plane of attack by the base (azomycin) at the anomeric centre (C-1Ј) of the sugar is normally directed by the configuration of the C-1Ј leaving group (e.g. Br) and the configuration of the protected hydroxyl group at C-2Ј; when they are cis, displacement of the halogen occurs with inversion of configuration at C-1Ј. In the case of arabinosyl sugar coupling, benzoyl (or acyl) protection at C-2Ј with a trans C-1Ј halide, there is participation by the protecting group. This results in coupling with no inversion of configuration at C-1Ј, according to the trans rule of nucleoside synthesis. 20) This problem can often be circumvented by using a protecting group at C-2Ј that does not participate in displacement of the halide at C-1Ј (e.g. benzyl), 21) or by C-2Ј inversion of configuration of the corresponding b-ribonucleoside. 21) In the present work, the utilization of benzyl protection at C-2Ј is complicated by the reductive deblocking step, which threatens the integrity of the nitro substituent on the azomycin moiety. Consequently, inversion of configuration at C-2Ј of 1-b-D-(ribofuranosyl)-2-nitroimidazole (b-AZR) was the preferred approach to the synthesis of b-IAZA.
Results and Discussion
In coupling azomycin with trans arabinosyl bromide, electronic interaction of the commonly used base-labile protective groups (benzoyl and acetyl) with the C-1Ј halogen resulted in exclusive formation of a-anomer (IAZA), 22) as expected. The introduction of alternate protecting groups, e.g. benzyl or substituted silyl (non-acylated), 23, 24) proceeded sluggishly. In addition, these groups were cleaved during arabinose bromination under the acidic reaction conditions that are generated during halogenation at C-1Ј. 23) The fact that catalytic de-benzylation is also capable of reducing the nitro substituent on the imidazole ring further limits the effectiveness of using benzylation to protect sugar hydroxyl groups in this coupling sequence. p-Methoxybenzyl protection of the hydroxyl groups of arabinofuranose, which theoretically could readily be removed by DDQ oxidation 25) following coupling with 2-nitroimidazole, was also not effective because chlorination or bromination at C-1Ј to form the respective arabinose halide led to de-benzylation prior to coupling. The best alternate approach to synthesize 1, therefore, was to invert the configuration of the 2Ј-OH group of 1-b-D-(ribofuranosyl)-2-nitroimidazole (AZR). 26, 27) The hydroxyl groups at 3Ј and 5Ј positions in AZR were protected with 1,1,3,3-tetraisopropyldisiloxane, leaving the 2Ј-OH group of 2 available for trifluoromethanesulfonylation that, at lower temperatures, afforded the triflate (3) in 88% yield. 28 b-AZA (7) underwent iodination with triphenylphosphine and molecular iodine via the alkoxytriphenylphosphonium intermediate 28) (Chart 2), or through the sulfonate intermediate (Chart 3) to afford 1. Synthesis of 1 mediated by triphenylphosphine and molecular iodine resulted in the formation of 1; however, the chemical yield via this route was quite low (38%), largely due to the formation of several side products and incomplete consumption of b-AZA (7).
Synthesis of 1 started by placing a suitable leaving group at C-5Ј-that could be easily substituted by iodide. Tosylation of 2Ј-O-acetyl b-AZA (6) in anhydrous pyridine gave 5Ј-O-
Reaction of this compound with pulverized sodium iodide in anhydrous 2-pentanone afforded 5Ј-deoxy-5Ј-iodo-2Ј,3Ј-di-O-acetyl-b-AZA (10, 80%) (Chart 3, Method A). An attempt to prepare 5Ј-O-trifluoromethanesulfonyl-2Ј,3Ј-di-O-acetyl b-AZA (9) to exploit the advantages of the trifluoromethane sulfonyl leaving group for radiochemical synthesis, from 2Ј,3Ј-di-O-acetyl-b-AZA (12), led to the unexpected synthesis of 5Ј-deoxy-5Ј-chloro-2Ј,3Ј-di-O-acetyl-b-AZA (13) .
The synthesis of 2Ј,3Ј-di-O-acetyl-b-AZA (12) started with reaction of 2Ј-O-acetyl-b-AZA (6) with t-butyldiphenylchlorosilane (TBDPS-chloride), followed by reaction with acetic anhydride in anhydrous pyridine, to provide 5Ј-O-TBDPS-2Ј,3Ј-di-O-acetyl-b-AZA (11) The structural assignment for 1 was made on the basis of its nuclear Overhauser effect (NOE) (Fig. 1) , with further support from 1 H-and 13 C-NMR spectroscopy data. As illustrated in Fig. 1 , irradiation at H-5 (imidazole proton), showed enhancement of signals for H-4 (7.5%) and H-5Ј (8%) protons while the H-3Ј (2.5%), and H-1Ј (1.9%) protons, not being in the same plane, were not affected so intensely. Further, irradiation at H-1Ј, which is in the same plane as the H-2Ј and H-4Ј protons, exerted a strong impact on these protons (11.2% and 4.4%, respectively), but the impact on the H-5 (nitroimidazole) proton was minimal (1.1% enhancement). Irradiation at H-2Ј enhanced the H-1Ј (18.6%), H-3Ј (5.7%), and H-4Ј (3.5%) signals, while irradiation at H-3Ј did not significantly affect H-2Ј (3.7%), H-4Ј (2.4%), H-5Ј (2.1%), and H-5 (0.7%) proton signals. Irradiation at H-4Ј enhanced the signals for H-1Ј (9.1%), H-5Ј (8.4%), H-2Ј (3.9%), and H-3Ј (3.9%), while irradiation at H-5Ј affected the signals for H-5 (8.3%), H-4Ј (13%), and H-3Ј (8.5%).
These differential NOE results are in good agreement with what is expected from the inter H-H atomic distances obtained from the optimized structure. 30) This indicates that the configuration of N-glycosidic linkage at C-1Ј of the arabinoside component is b. The contrasting NOE results are reported for the a-anomers, 1-a-D-[arabinofuranosyl]-2-aminoimidazole (AIA) and 5Ј-iodinated-AIA (IAIA), 31) where significant NOE enhancements are seen for H-2Ј and H-4Ј protons when the H-5 proton is irradiated. In addition, the higher impact of irradiation of H-1Ј on the signal for H-2Ј (and vice versa) indicate that inversion of configuration at C-2Ј, from ribose to arabinose, occurred during the synthesis of 4. The 1 H-NMR spectrum of 1 showed a larger H-1Ј-H-2Ј coupling constant (J 1Ј,2Ј ϭ5. 2 Hz) , that is in contrast to that of IAZA (ca.0 Hz), 22) and supports the b-stereo chemistry at C-1Ј.
Experimental
General Procedure All chemicals used were reagent grade. The solvents were dried over appropriate drying agents and freshly distilled before use. The progress of synthetic reactions was monitored by thin layer chromatography (TLC) using 250 mm Whatman MK6F silica gel micro TLC plates. Column chromatography was performed on Merck silica gel 60 (particle size 70-200 and 230-400 mesh ASTM). Melting points were determined on a Büchi capillary melting point apparatus and are uncorrected.
1 Hand 13 C-NMR spectra were recorded on a Bruker AM-300 spectrometer in deuterated chloroform (CDCl 3 ) or methanol (CD 3 OD), depending on the solubility of the product. Chemical shifts are reported in ppm downfield with respect to tetramethylsilane as an internal standard. The protons and carbons of the sugar moiety and nitroimidazole are represented by a single prime (Ј) and no prime, respectively. When necessary, Electron spray ionization (ESI) mass spectra were acquired, in lieu of elemental analysis, using a sodium probe on an AEI-MS-12 mass spectrometer. 
1-b b-D-[2-O-Acetyl-arabinofuranosyl]-2-nitroimidazole (6)
Potassium fluoride (1.05 g, 18 mmol), benzoic acid (2.19 g, 17.9 mmol) and 4 (1.9 g, 3.59 mmol) were taken in acetonitrile (80 ml) and heated at 75°C for overnight. The mixture was cooled, filtered and the filtrate was evaporated. The impure material so obtained was purified on a silica gel column using ethyl acetate as eluant to give 0.98 g (95%) of pure 6. mp 159-160°C. 13 (d, J 5,4 ϭ1.2 Hz, 1H, H-4) and 7.97 (d, J 4,5 ϭ1.2 Hz, 1H, H-5) . Alternatively, 7 was prepared by deacetylation of 6. A solution of NH 3 /methanol (2 M, 30 ml) was added to 6 (30 mg, 0.51 mmol) and the mixture was stirred at 0°C for 2 h. A TLC check at this time showed complete deacetylation of 6 and appearance of a new spot at the Rf for 7.
1 solution of 6 (0.23 g, 0. 8 mmol) in anhydrous pyridine (10 ml) was cooled to Ϫ5°C and tosyl chloride (0.3 g, 1.6 mmol), pre-dissolved in pyridine (5 ml), was added dropwise to this solution. The mixture was stirred at this temperature for 6 h. Additional tosyl chloride (0.1 g, 0.53 mmol) and DMAP (98 mg, 0.8 mmol) were added to the reaction mixture and the stirring was continued for 3 d at 22°C. The reaction was quenched after tosylation was complete, by adding ice. Pyridine was removed in vacuo and the impure product was purified by column chromatography using ethyl acetate/hexanes (40/60, v/v) as eluant to afford 0.18 g (52%) of pure 8. This compound was subjected to acetylation without any further characterization.
Acetic anhydride (200 ml) was added to a solution of 8 (0.18 g, 0.4 mmol) in anhydrous pyridine (10 ml) under stirring. The reaction was continued for 3 h at 22°C. At that time, a TLC examination of the reaction mixture showed complete conversion of 8 to 9. The solvent was removed in vacuo and the residue was loaded on a silica gel column. Purification using ethyl acetate/hexanes (50 : 50, v/v) afforded pure product 9 (0.17 g, 88%). mp 117-119°C. 34 ml, 3.19 mmol) was taken in anhydrous dichloromethane (10 ml) and added to a pre-cooled solution of 12 (0.55 g, 1.67 mmol) and DMAP (0.617 g, 5 mmol) in anhydrous CH 2 Cl 2 (40 ml) at Ϫ78°C. The reaction mixture was stirred for 2 h at this temperature and then quenched by ice. The mixture was allowed to warm to room temperature (22°C) to decompose excess triflyl chloride. The organic layer was dried over anhydrous MgSO 4 , filtered and the filtrate was evaporated by rotary evaporation. The residue was purified on a silica gel column using ethyl acetate/hexanes (40/60, v/v) that afforded pure 13 (0.56 g, 96%). mp 128°C. Method A: 9 (5 mg, 0.01 mmol) was dissolved in anhydrous 2-pentanone (100 ml) in a Reactivial TM (3 ml), and pulverized sodium iodide (3.7 mg, 0.025 mmol) was added to it. The mixture was heated in a 500 W domestic microwave oven at 'high' for 8 min. Co-chromatography with authentic 10 on HPLC confirmed the formation of 10. The chemical yield of 10 by this method, without any purification (HPLC yield), was 80%.
Method B: Pulverized anhydrous sodium iodide (0.25 g, 1.63 mmol) was added to a solution of 13 (0.15 g, 0.43 mmol) in anhydrous 2-pentanone (20 ml) and the mixture was refluxed at 110°C for 16 h. Afterwards, the solvent was evaporated and the recovered residue was chromatographed on a silica gel column. Elution with ethyl acetate/toluene (20 : 80, v/v) gave 0.16 g (87%) pure 10. mp 161-163°C. 1 
